Acidification of the surface ocean due to increased absorption of CO 2 from the atmosphere directly impacts the CO 2 absorption rate. Current measurements and equilibrium chemistry models suggest that the oceans have absorbed approximately half of the extra CO 2 added during the past 200 years, which has resulted in a pH decline of approximately 0.1 units, with acidification projections of up to approximately 0.7 pH units as a result of a six-fold increase in pre-industrial atmospheric CO 2 levels. The impact of CO 2 absorption on the pH of the surface ocean can easily be predicted using steadystate chemical equilibrium and charge and mass balance models. However, the impact of acidification on the rate of CO 2 absorption and the variations of the absorption rate during CO 2 absorption as a result of pH change are typically ignored in the literature. In this article, the impact of acidification of the surface ocean on the CO 2 absorption rate is described using simple mathematical models. The models predict that the rate of CO 2 absorption is enhanced with acidification consistent with the rate of increase of CO 2 in the atmosphere.
INTRODUCTION
Carbon dioxide plays a crucial role in the cycle of life, including providing the necessary carbon for plants to produce organic food, balancing the heat radiation of the earth, balancing the calcium carbonates in soils and oceans, and buffering water and soils. For hundreds of thousands of years prior to the 1950s, the level of CO2 in the atmosphere was in the range of approximately 200 to 300 ppmv (Petit et al., 1999; Augustin et al., 2004; Siegenthaler et al., 2005; Kleypas, et al, 2006) . Starting the 1950s, the level of CO 2 in the atmosphere rapidly increased reaching a current concentration of approximately 390 ppmv. This increase is attributed to the rapid patterns of development that came about with the industrial revolution; utilization of fossil fuels, production of cement, and land management practices.
The Royal Society (2005) estimated that one-half of the CO 2 produced as a result of human activities in the past 200 years has been taken up by the oceans. Kleypas et al. (2006) explained based on Sabine et al. (2004) that over the 1980s and 1990s, about half of the CO 2 released remained in the atmosphere, with 30% absorbed by the oceans and about 20% taken up by the terrestrial biosphere, with predictions (Archer et al., 1998) that the oceans will absorb about 90% of the CO 2 to be released within the next millennium.
Acidification of the surface ocean is a major impact of increased CO 2 absorption. Acidification has the potential to significantly impact the chemistry of the surface ocean. Proposed acidification scenarios (Royal Society, 2005) project pH reduction of up to approximately 0.7 units as a result of a six-fold increase in the pre-industrial atmospheric CO 2 level of approximately 280 ppmv. The Royal Society (2005) discussed the following potential issues in relation to oceans acidification: impacts on ocean chemistry; impacts on organisms and populations; impacts on ecosystems; impacts on earth systems; and socio-economic impacts. An important aspect of addressing the issue relates to the need for accurate models to predict future acidification scenarios and their impacts and distribution. At the heart of such models is the science of CO 2 absorption and subsequent transport and transformations of absorbed CO 2 . Models used to predict acidification scenarios typically use steady-state equilibrium between CO 2 in the atmosphere and the surface ocean. Steady-state analysis is not concerned with the time factor, for example in terms of the rate of CO 2 absorption and the impact of acidification on the absorption rate. The transfer rate knowledge is essential to help generate more accurate models to assess acidification scenarios. In this article, we assess the impact of acidification on the CO 2 absorption rate using a mathematical approach developed to assess CO 2 transfer across the gasliquid interface.
PH-DEPENDENCE OF CO 2 TRANSFER -MATHEMATICAL MODELS
In recent publications, Shanableh (2007) presented new models to describe the pH-dependence of the CO 2 transfer rate across the gas-liquid interface. The models were verified using batch and continuous-flow CO 2 transfer experiments in which the pH was either allowed to change as a result of CO 2 transfer or controlled using buffers to prevent significant pH changes. In all cases, the experimental results matched model predictions in an excellent manner. A brief summary of the models is presented below.
The driving force for CO 2 transfer is the need to achieve equilibrium between CO 2 in the gas and liquid phases. Traditionally, the driving force is described according to the two-film theory (Lewis and Whitman, 1924) as the difference in the concentration of aqueous CO 2 (aqueous CO 2 is donated in this article as 
(1)
The concentration gradient described in Equation 1 was considered (Shanableh 2007) equivalent to the concentration gradient in the bulk liquid in time, with the concentrations representing two states of the bulk liquid separated by the time needed to achieve equilibrium, as described in Equation 2: ( )
Where a K L is the CO 2 transfer constant, with units of 1/time.
The transfer rate can also be described in terms of the total concentration of carbonic species as in Equation 4: , respectively.
SURFACE OCEAN ACIDIFICATION PREDICTIONS
A simple surface ocean acidification model was needed to establish the approximate values of parameters needed to assess the CO 2 absorption rate into the surface ocean. The acidification model was based on the approximation that sea water alkalinity remains constant as the pH declines and that alkalinity total alkalinity carbonate ≅
, as described in the Equations below:
The alkalinity was linked to CO 2 in the atmosphere using Henry's Equation, in the form shown in Equations 8, and also using the equilibrium equations for the carbonic species (Equations 9 and 10). The modified alkalinity equation (Equation 15) (Royal Society, 2005 ). The calibrated model was then used to predict surface oceans acidification scenarios based on various projected CO 2 levels in the atmosphere. The results were compared with the predictions provided by the Royal Society (2005), as shown in Figure 1 . It should be noted that the acidification predictions based on the model in Equation 11 were iterative in nature, starting with assuming a pH value for each projected CO 2 level in the atmosphere, then estimating the alkalinity and comparing the estimated alkalinity with the pre-industrial alkalinity value, then changing the assumed pH until the two alkalinity values matched each other. Clearly from Figure 1 , the pH predicted using the simple mathematical model described above matched the available pH predictions from the Royal Society (2005) . While the closeness of the data in Figure 1 confirmed the appropriateness of the simple model discussed above, the main purpose of the comparison was to obtain values of the different parameters that needed to assess the pH-dependence of the rate of CO 2 absorption in the surface ocean. represented by the rate of change of CO 2 in the atmosphere ( t CO Atm ∆ ∆ 2 ) multiplied by a defined time interval ( t ∆ ). As the rate of CO 2 absorption is dependant on the rate of change of CO 2 in the atmosphere, then available CO 2 data (Figure 2 ) can be used to assess the impact of acidification on the rate of CO 2 absorption. The data in Figure 2 show that the level of CO 2 in the atmosphere increased during the period 1958-2008 in the range of 315-385 ppmv. Fitting the CO 2 data in Figure 2 with the best-fit mathematical function then finding the time derivative (i.e.,
dt dCO Atm
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) results in a function that describes the rate of change of CO 2 in the atmosphere, which was linear in this case (Figure 3) , increasing in the range of 0.28% to 0.55% per year during 1958-2008. The data in Figure 5 show the estimated relative abundance, or variations, of the carbonic species concentrations as a result of acidification during the period Based on the above, the contributions of each of the carbonic species to the total CO 2 absorption rate, according to Equation 14, are presented in Figure 6 . The data in Figure 6 show that within the pH range indicated, the main contributor was 
CONCLUSION
Acidification of the surface ocean enhances the rate of CO 2 absorption consistent with the rate of increase of CO 2 in the atmosphere and with the transformations of the carbonic species with acidification, represented by the increase in * 3 2 CO H contribution to the total absorption rate.
